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SECTION 1

Introduction

In recent years, there has been an increased interest in the electromagnetic scattering
from forests. Current measurements of the scattering from trees cover almost the
entire electromagnetic spectrum from low frequency radio waves to light [1, 2]. One
frequency band of interest is in the low microwave range near L-Band specifically
between 0.3-1.3GHz. This frequency range is of interest, because the electromagnetic
wave is of long enough wavelength to penetrate through the outer leaf canopy of the
forest yet is small enough to provide information about what is below the leaves.
These characteristics make these wavelengths useful in remote sensing applications.
Previously, most of the measurements and modeling of the scattering from forests
at L-Band has concentrated on narrow band radar systems. These systems have low
resolution and are unable to isolate the scattering from individual trees. Therefore
when modeling is needed, the scattzring behaviour from an individual tree is not
important.

For ultrawide bandwidth radar systems, the scattering from a single tree is im-
portant since the individual trees are identifiable. Therefore, the electromagnetic
scattering from an individual tree needs to be examined. To study the scattering
from a tree, a modified form of the Geometrical Theory of Diffraction (GTD) for
dielectric materials is used for the analysis. For background, an introduction to
GTD is presented in Chapter 2 to provide the basic information used in analyzing




the scattering from a tree. Chapter 3 provides background into current methods and
parameters used in modeling trees, wood, and soil.

Before the geometry of a tree is analyzed, a simpler geometry is examined. To
do this, measurements of the radar cross section (RCS) of tree logs are presented in
Chapter 4. The measurements of the logs help to confirm the methods and param-
eters used in modeling wood that are presented in Chapter 3 since the cylindrical
geometry of the logs is simpler to analyze than the complete geometry of a tree.

After the wood modeling is confirmed through log measurements, the scattering
from various parts of a tree are examined. Chapter 5 examines the scattered fields
in the vicinity of a tree trunk. For this analysis, the trunk is modeled based on the
results of Chapters 3 and 4. In Chapter 6 a model for the scattering from a tree that
includes interactions between the ground and the trunk are examined. In Chapter 7
the scattering from tree branches is examined. By separating the scattering from
the trunk and ground from the branch scattering, the contributions and importance
of each scattering mechanism is determined.




SECTION 2

Geometrical Theory of Diffraction

1 Introduction

This chapter provides a brief description of the modified Geometrical Theory of
Diffraction (GTD). The far-gone diffracted field and diffraction coefficients for per-
fectly conducting and dielectric wedges are presented. Also, corrections to GTD for
curved disks are shown. The term GTD is used for convenience but is meant to
incorporate the Uniform Geometrical Theory of Diffraction (UTD) and the modified
form of GTD for dielectric media throughout. Details on GTD can be found in
References(3, 4, 5]. The time dependence e’** is used and is nippreue& throughout.

2 Theory

The Geometrical Theory of Diffraction (GTD) was developed in great detail by
- Keller and can be found in [6]. The general solution to a problem has the form:

E'(P) = E¥(P) + E"(P) + E4(P) (1)

where E¢(P) is the incident field at the observation point P and E*(P) s the reflected
field at P. The far sone diffracted field E4(P) at point P is of the form:

E‘(P)=E“(Q«)-ﬁﬁ’.:h- (2)




where D is a dyadic diffraction coefficient given by:
D= —BifoD, — &,8,D), (3)

and E(Q,) is the incident field at the point of diffraction Q.. The amplitude spread-
ing factor is defined as the square root term in (2). For the perfectly conducting
case, the diffraction coeflicients D, and D, corresponding to the soft and hard po-
larisations; respectively, are

—e —ix/4

Don = g {loot (25%) + cot (=5%)] 7
oo (2029) 4 cot (=2)]}. (g

The caustic of the diffracted ray is p? and is given by:

Lol b e
P pe pytin®fo '
wheze p, is the radius of curvature of the incident wave in the edge fixed plane and
Pg is the radius of curvature of the edge at the point of diffraction. The geometry
for these diffracted rays is shown in Figure 1.
The above diffraction coefficient in Equation (4) must be modified for the dielec-
tric cases that are encountered in analyzing trees. It is shown in References [7, 8, 9]

that the modified diffraction coefficient for an electrically thin dielectric is:

Dun = 2m;2i;:i;po X
e
e ea(=g)) o

where R;* and Ry® are the reflection coeficients for the soft and hard polarizations
for the ‘o’ and the ‘n’ faces, respectively, and T** and T are the transmission
coefficients for the soft and hard polarizations for the ‘o’ and ‘n’ faces, respectively.
Calculation of the reflection and transmission coefficients are given i» *ppendix A or

4




(v)

Figure 1: Canonical geometry for the diffraction by a wedge.




in Reference [10]. The above equation can be reduced further if the assumption that
the dielectric material is lossy so that the transmission coefficient becomes small.
With this assumption, the diffraction coefficient reduces to:

_e"j*/ 4

Dop =
A 2nv/2xk sin By

{[eot (=£435%) + eot (=3742)] +
[R:"' cot ("":’n—‘ﬁ) + R2A cot (-’—'—L:—}ﬂ)]} . (1

This equation can then be used to calculate the diffraction from lossy dielectric
media.

3 Chiang and Marhefka Rim Caustic Correction

The above formulas for the diffracted field don’t provide the correct diffracted field
for the circular disk on the ends of a cylinder. To produce the proper diffracted
fields from the end face of the cylinder, a rim caustic correction factor needs to be
included in the diffraction coefficient to produce the proper fields from the cylinder
ends. An appropriate caustic correction for the cylinders encountered in analyzing
trees is given by Chiang and Marlsfka in [11]. The new diffraction coefficients for
the perfect electrical conducting (PEC) case are given by:

—e=ix/4

D, =
* = 9nv2xksin fo

{[eot (=£4=42) + cot (=4=2)]
[cot (243241) + cot (=)} ) (8)
where:
1) = oy e 0-D) (%)
and:
. 2 .
$o0) = [2 - B@) + iR @) (10)

" The functions J;(U) is a Bessel functions of argument U and order 1 and H,(VU) is
a Struve function of argument U and order 1 where:

U = ko, - (5' + ). (11)




For dielectric materials, the diffraction coefficient including caustic correction is given
by:

o (=) e (= o

where T,(U) is as described previously. Equation (12) works well in describing the
far zone fields from a disk where a flat face is always visible and will later be used
extensively in analyzing the scattering from trees.




SECTION 3

Background

1 Introduction

Before the scattering from a tree can be analyzed, some background information on
tree modeling is needed. In this Chapter, a summary of current methods of modeling
a tree is presented. The summary includes a description of what tree components
need to be considered and how these components are usually modeled. Finally,
information is provided on modeling the ground.

2 Modeling of a Tree

Many different methods are used to model a tree depending on the species of the
tree to be modeled and the frequency range of interest. For the purposes of this
study, an attempt will be made to use average values for the tree parameters such
that a wide range of tree types are represented. The primary frequency range of
interest is between 0.3-1.3GHz slthough other frequencies are studied.

Due to the low frequencies of interest, simplifications can be made in modeling the
trunk and branches of the tree. For the frequencies between 0.3-1.3GHg, the surface
of the tree and branches can be treated as smooth since the roughness of the tree bark
will be small compared to a wavelength. Also, the leaves and smaller branches on
the tree are ignored when modeling the trunk and branches. However, for a complete




model of a tree, the leaves and small branches need to be accounted for. The only
! " remaining features of the tree are the trunk and the larger branches. The trunk and
branches are then modeled as dielectric cylinders with a single finite length cylinder
representing the trunk and smaller finite length cylinders representing the larger
branches. There are many different methods used to pick the height, diameters,
and dielectric properties of the cylinders. The different techniques of picking these
parameters depend largely on the tree species and what seems to work.

The choice of cylinder sizes used to model the tree trunk has been reported by
many authors. Specifically, formulas by M. O. Kolawole [12], and G. Sun and D.
S. Simonett [13] are summarized here. Kolawole uses a simple relationship between
the diameter of the tree at breast height (DBH) to the tree height A and effective

height h, given by:
DBH = 0.00532 +0.0172h (13)
b= 3h (14)

where all dimensions are in meters. G. Sun and D. S. Simonett use another rela-
tionship between the DBH of a tree and the tree height given by:

DBH = 0.00532 +0.0172h (15)
h, = 0.594h — .82 (16)
he = hut 3(h=hy) (17)

where again all dimensions are in meters. In Equation (17), A, is the distance from
the ground to the widest part of the crown. The parameter A; is the length of the
dielectric cylinder that is used to model the trunk of the tree, i.c., the effective
height of the tree. Usually, the diameter of the tree (DBH) is known and is used to
solve for the heights 2, and A;. These relationships between the tree diameter and
effective height are used repeatedly in modeling tree trunks.

While there is information on the dimensions of the tree trunk used for modeling,
there is little discussion of the dimensions of branches. The Literature is short on




details for the lengths and diameters that are used to model tree branches. Therefore,
an intuitive approach for selecting diameters and lengths will be used based upon the
exact modeling needs when analyzing their scattering. As a result, the discussion
of the lengths and diameters of branches for modeling will be postponed to the
discussion of branch scattering.

3 Dielectric Properties of Trees

In addition to knowing the size of a tree, its dielectric properties must also be known
for realistic modeling. There have been many papers that present measured dielec-
tric constants of trees (14, 15]. The daily and seasonal variations of the dielectric
constants of trees have also been examined by several authors and for different tree
species (14, 16]. But, for the purposes of this study, the variation in tree parameters
will be ignored and instead a set of values for the dielectric constants will be used
that .lhould cover typical values including the variations in the dielectric constant.
In theory, however, the variations can be taken into account.

The modeling of the dielectric properties of wood can be divided into two groups,
the use of a single homogeneous piece of dielectric and the use of multiple layers of
dielectric to simulate the individual parts of the tree structure. While the simplicity
of modeling the wood as a single layer of dielectric is apparent, it can be argued
that the multilayer approach is more accurate since it is more faithful to the actual
structure. This is because the dielectric constant is lower on the inside of a tree.
The dielectric constant then increases as a function of radius before decreasing to a
lower dielectric constant near the bark. This profile of the dielectric constant forms
the basis of the 3-layer modeling. Both methods of modeling a tree as single and
multiple layers are presented here. In Table 1, the relative dielectric constants of
wood used in single layer modeling are presented. The wood is assumed to have no
magnetic properties such that the permeability of the wood p. is equal to uo. The
wide range of values in Table 1 shows the large differences in modeling trees with
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Table 1: Dielectric constants used to model the dielectric properties of wood at
L-Band from the literature.

& author(s) and reference

5-j1.5 | F. Amir, et. al. [17)
12.4-j4.9 | M.A. Karam and A.K. Fung [18]

18-j6
: 5-j1.7 | Kyle McDonald [19]
24-j8
4-j1 | Tsan Mo and J.R. Wang [20]
20-j5 | Guo-ging Sun, et. al. [21]

Table 2: Dielectric constants used to model the dielectric properties of wood at
L-Band from the literature for multilayered modeling.

layer layer thickness (cm) | ¢,
inner layer 10 15-37
outer layer 0.5 4-j1

dielectric materials. The large variation in dielectric constants is explained by the
wide range of tree species that have been measured. The variation in Table 1 is also
due to the seasonal and daily variations in the dielectric constants of wood mainly
due to the change in moisture content of the wood. In Table 2, the relative dielectric
constants and layer information are presented for 2-layer modeling. In addition to
using a 2-layer model, a third layer can be added to to simulate more accurately the
dielectric profile of the tree as mentioned previously. The use of 3-layer modeling is
discussed in later chapters. The differences in modeling the cylinders as single and
multiple layers are examined further in following chapters.
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4 Dielectric Properties of Soil

The effect of the ground on the scattering from a tree can be of importance. There-
fore, a model for the ground needs to be developed. Typically, for the primary
frequencies of interest, the wavelength is long enough so that the ground can be
treated as smooth. The ground is also assumed planar near the tree. The soil is
then usually modeled as a homogeneous dielectric half-space. Table 3 summarizes
typical dielectric properties for soil that will be used in modeling the scattering from

a tree.

Table 3: Dielectric constants used to model the dielectric properties of soil at L-Band
from the literature.

[N comments and source
7-j1.5 | moist soil from Michael O. Kolawole [12)
18-j5 | wet soil from Michael O. Kolawole [12]
20-j0.15 | soil at Ohio State University Radio Telescope {22}
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SECTION 4

Scattering From Logs

1 Imntroduction

A model for the scattering characteristics of wood needs to be developed that can
be used in the analysis of the scattering from trunks and branches. In Chapter 3, a
summary of the parameters used in modeling the various parts of a tree is presented
along with dielectric constants. However, due to the wide range of values that are
presented, it is desired to find which values and techniques are appropriate for the
cases of interest in this. analysis. To do this, the parameters and ideas that are
presented in Chapter 3 are used to develop a model that is appropriate to the cases
of interest in this analysis.

To develop this model, the scattering from a log is measured and theory is used
to match the measurements. In doing this, a set of parameters for the wood is
found that will allow theory to predict the scattering from the log. These wood
parameters will then be used later to model the wood in more complex geometries
involving branches and trunks. .

To find the parameters for the wood, a method of modeling the létttering from
a log is presented. First, methods of accounting for the effects of log roughness and
dielectric constant on the calculated scattered field of the log are discussed. Then
measured results for the RCS of three logs are presented. The methods of modeling
a log using the roughness and dielectric constants are then applied to compare to
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the measured RCS of the logs. The resulting values for the dielectric constants and
roughness used to match the measured log RCS provides a set of values for the wood
that can be used to model the characteristics of wood in branches and trunks.

2 Theory of Modeling a Log

To model the scattering from a log, three things are taken into account. First,
a model for the dielectric properties of the wood must be found that accurately
represents the dielectric constants of the wood as a function of frequency. Then, a
method of accounting for the roughness of the log’s bark must be chosen depending
on the frequencies of interest. Finally, the dielectric and roughness information must
be included into a solution for the scattering for a finite length, rough, dielectric
cylinder.

2.1 Dielectric Properties of Wood

To model the dielectric properties of wood, the variation of the dielectric constant
with frequency must be taken into account. Various dielectric constants have been
published to model wood and are summarized in Table 1. These values represent
typical values used in L-band. However, a method of calculating the scattered field
over a broad range of frequencies is of interest. There are many papers that present
data on the dielectric constant of wood in specific frequency bands but there is
little data available that present the dielectric constant as a function of frequency.
Therefore, a method will be used to vary the dielectric constant as a function of
frequency using the values as presented in Table 1.

For the purposes of this analysis, the real part of the dielectric constant will
always be held constant with frequency. This is done to simplify the analysis and
is consistent with the small variation in the real part of the dielectric constant with
frequency shown in the literature.
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Although the real part of the dielectric constant varies little, the imaginary part
has been shown to vary considerably with frequency[i4]. Therefore, a simple method
of varying the imaginary part of the dielectric constant with frequency will be dis-
cussed and compared with holding the dielectric constant fixed with frequency. Tak-
ing the values from Table 1 and by knowing the approximate frequency at which
the dielectric constants were measured, the conductivity of the material at that

frequency can be found by:
o. = Imagle,] X wieo (18)

where w; is the frequency at which the relative dielectric constant ¢, is measured.
The value of o, from Equation (18) is then held constant as the frequency is varied.
The relative dielectric constant ¢, then varies with frequency as:

€& = -}-(e+ 1’-) where o, and ¢ are fixed. - (19)
© @ jw

This method of varying the dielectric constant will be coripared to the method of
holding the dielectric constant fixed with frequency later.

2.2 Effect of Wood Roughness

The roughness of the log bark also must be taken into account. While the roughness
of the bark will be small, as the frequency increases the effect of the roughness will
increase. For the logs and frequencies of interest, an appropriate model for treating
the roughness is used where the roughness factor is a function of the surface height
variability[23]. This model is only valid for slightly rough surfaces where the main
reflection from the surface is the specular component and the diffuse scatter caused
by the surface roughness is small. The model modifies the reflection coefficient by:

Trough = 8,1 (20)
where:
(6,) = 4" (21)
15




rdk . (22)
A

In Equations (20)- (22), I is the reflection coefficient from the smooth surface, I'rougn

is the modified reflection coefficient for the rough surface, Ah is the maximum height

differezce between two points on the rough surface, and «4 is the angle between the

incident wave and the surface. This formula is valid only when the height variation

Ah is less than g;i—':‘-_; which is true for the cases of interest. Values of Ak will depend

A® =

on the type of wood and number of bumps in the wood bark and will be found later

when the wood measurements are modeled.

2.3 Solution of Dielectric Cylinder Scattering

The scattering from a finite length dielectric cylinder must be calculated. To ac-
complish this, the solution for scattering by a multilayered infinite length dielectric
cylinder described in Appendix B is used. Since this solution is for infinite length
cylinders it must be modified for finite length cylinders. A simple method of doing
this is to convert the 2-dimensional echo width to the 3-dimensional radar cross
section (RCS). This is accomplished by the well known formula:
2L

O3p = T X O2p (23)
where L is the length of the finite length cylinder. This conversion gives accurate
answers when the length L is much greater than the cylinder diameter and L3 A.

3 Measurement of the Radar Cross Section of
Logs

To measure the radar cross section of a log, a tree approximately 4” (0.10m) in
diameter was cut down from the woods near the Ohio State University Big Ear
radio telescope where forest propagation measurements have been made in the past.

The tree was a sugar maple which comprise a large number of the trees in the
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woods. The tree trunk was cut into 3 lengths approximately 24” (0.61m) long. The
diameters of the logs varied from approximately 3.57-4” (0.089-0.10m). The bark
of the logs was fairly smooth with main groves in the bark approximately 2-3mm
deep. The branches were cut off leaving a few small bumps on each log. After
the tree was cut into logs, the ends and the bark were spray coated with shellac to
reduce moisture loss due to evaporation. Although the layer of shellac has a slightly
different dielectric constant than the wood, the layer of shellac was very thin and,
therefore, is thought to have negligible impact on the wood dielectric properties.
Also, after the logs were removed from the woods, they were wrapped in plastic
bags to further reduce water loss.

The logs were then measured in a compact range the next day from 2-18GHz. The
logs were measured in this frequency range due to necessity of available equipment
at the time of the measurements. Although these frequencies are higher than the
primary frequencies of interest, the results obtained by the measurements should
be applicable to the frequencies between 0.3-1.3GHz. The measurements consisted
of specular impulse responses from the smoothest section of the logs (i.e., the side
with the fewest bumps). The measurements were then repeated 19 days later to
allow for some drying of the logs to see how a small decrease in the water content of
the logs would affect the RCS. For the second set of measurements, the orientation
of the log was maintained as close as possible to the original measurements. Both
days of measurements are combined and are shown for the three logs in Figures 2, 3,
and 4. The RCS is represented in decibels with respect to a square meter for the
transverse magnetic (TM) case with the electric field aligned with the log axis and
the transverse electric (TE) case with the magnetic field aligned with the log axis.

It is seen from the measurements, that the RCS of each log didn’t change ap-
preciably for the 2 days of measurements at the frequencies below approximately
10GHz. But above 10GHz, the RCS for the 2 days of measurements for each log
tended to change. This variation can be attributed to the difficulty in precisely align-
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Figure 2: Measured RCS of log #1 for TM and TE polarizations.
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ing the log to the same location as the previous days measurement since a rotation
about the long axis of the log was difficult to control. Since the logs don’t have a
perfectly circular cross and are not entirely straight, a small rotation causes a change
in the surface characteristics of the log being measured. Also, the resulting small
rotation of the log caused a different part of the log surface to be measured, thereby,
the effective surface roughness changed slightly. Since the surface roughness of the
log has an larger effect on RCS at higher frequencies as shown by Equation (22), the
small rotational error caused a large difference on the RCS at higher frequencies. By
the same reasoning, the small differences in the data for the 2 days of measurements
at the lower frequencies show that the surface roughness has a small effect on the
RCS of the logs at the lower frequencies and that any drying of the logs also had a
small effect.

4 Comparison of Log RCS with Theory

It is now desirable to try to relate the different techniques of modeling logs from
Section 2 to the measurements of Section 3. To accomplish this, the surface rough-
ness model described in Equations (22) and (20) is used to modify the echo width in
the exact solution given by Equation (76). The scattered field in Equation (76) was
multiplied by the coefficient §,. This results in the echo width for a rough cylinder
O31D-rough Where:

", (24)

O2D-rough = -?- |5.§:° eaD,cosng
The echo width given by Equation (24) is then modified from the two-dimensional
(2D) echo width to the three-dimensional (3D) RCS by Equation (23). Dielectric
constants are then chosen from Table 1 mdaremedtomodelthe.loguauingle-
layer homogeneous dielectric cylinder. The length of log #2 is 27.5” (0.699m) and
an average value for the diameter for log #2 of 35" (0.092m) is chosen and used to
model the log. Two cases are run, one where the conductivity o, is held fixed and

the other where the dielectric constant ¢, is held fixed. The two cases are shown in
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Figure 5 for ¢,=24-j8, and for Reall¢,]=24 and 0,=0.5563. Figure 5 shows that the
two curves follow the same general trend, however, the constant o, curve shows a
stronger creeping wave component than the constant ¢, curve. The creeping wave
component can travel easily around the smooth cylinder used in the solution. But,
since the roughness of tree bark will quickly attenuate the creeping wave component,
the creeping wave component of the solution must be removed by processing the
scattered field. The creeping wave is removed by processing the impulse response of
the theoretical solution and filtering out the creeping wave. The processed ruulﬁ
fortheumecylindmuéa.lcnla.tedinFigureSueshowninI"igureﬁ. By examining
Figure 6, once the creeping wave component is removed from the scattered field, it
doesn’t matter whether o, or ¢, is held constant with frequency since the results are
the same once the creeping wave is removed. Therefore, since both methods produce
the same result after the creeping wave component is removed, future calculations
will keep the dielectric constant ¢, constant with frequency when the creeping wave
component is removed.

Since the three logs came from the same tree trunk, the measured RCS can help
illustrate the variations in the RCS of a tree. To show this variation, the RCS of
the three logs is converted to the 2D echo width by equation (23). This is done
to remove the effect of the different log lengths. The resulting echo widths for the
three logs and 2 different days of measurements is shown in Figures 7 and 8 for TE
and TM polarisations, respectively. The purpose of these plots is not to show the
individual echo width for each log measurement but to show the variation in the
scattering from the logs. At the low frequencies near 2.0GHs, the echo width varies
about 4dB while at higher frequencies the fluctuation is almost 15dB. This shows
that for the same tree trunk, the RCS of different sections will vary by several dB.
Due to this fluctuation, it is difficult to model the RCS of a log (or tree trunk) with
a high degree of accuracy. Therefore, it can be expected that any modeling of a tree
trunk will only be accurate to within a few dB.
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The roughness modification for slightly rough surfaces as described in Equa-
tions (22) is then added to the modeling of the logs. In Figures 9 and 10, the echo
width for the 3 log measurements are compared with two different dielectric models
for the logs. The models are for dielectric constants of €,=12.4-j4.9 and ¢,=24-j8
with roughness factor (Ak) of 2mm and 3mm since the log roughness is between
2mm and 3mm. The models for the logs are within approximately 2dB lower than
the measured echo width at the lower frequencies and are within the range of mea-
surements at the higher frequencies. Since it is difficult to model the logs more
accurately, these dielectric constants are considered adequate to represent the range
of dielectric properties for the trees of interest in modeling. Based on these results,
for future calculations of the RCS from wood, the dielectric constants used to model
the wood will either be ¢,=12.4-j4.9 or €,=24-j8. Since using roughness factors (Ah)
Bf 2-3mm falls within the measured results at higher frequencies, when the roughness
is important the value of Ah will be between 2mm and 3mm. These values should
provide accurate models for actual wood.

The surface roughness has a significant effect on the RCS of the logs at higher
frequencies while at lower frequencies, the surface roughness has a smaller effect. In
Figures 9 and 10, a change in Ah from 2-3mm causes a large change in the echo width
of about 10dB at 18GHz. This sensitivity is further illustrated in Figure 11 which
shows the roughness effect for various values of Ah. It is seen that the roughness only
has an effect of about 3dB at 6GHz for a Ah=3mm. Therefore, when the roughness
factor is removed from the echo width calculations, the difference between the theory
and the measurements will be within the variation of the measured echo width for the
logs of 4dB at 6GHs. Therefore, the roughness factor can be ignored at frequencies
below 6GHs and the log surface can be treated as smooth without causing significant
error. For the primary frequencies of interest between 0.3-1.3GHz, the effect of the
surface roughness is even smaller and therefore, it can be ignored as was discussed
in Chapter 3. Above 6GHz, the sensitivity to the roughness factor is too great to be
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used in modeling and, therefore, is not recommended since it is difficult to measure
the Ah value and then calculate the RCS. Instead the value of Ak must be chosen
to match the measurements. Therefore, this technique of modeling the roughness of
the log is not recommended at high frequencies.

O e L ——re ——— M T
\\‘:\.\'\ : ---------- ——
5 \\\\‘\_\_\ --------- —
-— \\ \.\ ‘n-‘~
~ I S T B D
~ ~. Shao
-10 DU N o
N N
\\ \'\
15 | N >
— ‘\\ \.\
i ™ h
[ —20 \\ > ~
a0 g \\ ~
(=] i N
S -75 [ X ]
[aV i \\\'
[ \
-30 ———Ar=1.0mm N
[ e AFg.gmm \\
d a—————— > —— -— R mm
i \
=35 bl e e —— 4.0mm N
[ ]
L \
) e

0 2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 11: Variation of roughness factor 4, for different values of Ah as a fﬁnction
of frequency.

However, if the roughness factor is varied until the calculated RCS match the
measured RCS, the modeling of the log closely approximates the measured RCS.
In Figure 12, comparison between the measured and calculated RCS for log #2 is
shown. For these plots, the dielectric constant is chosen as ¢,=24-j8. The surface
roughness is found by adjusting Ak until the calculated RCS matched the measured
data. While this method seems rather unscientific, for the log geometry, there is no
way to actually calculate the roughness factor Ak directly due to the complexity of
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the log surface. Therefore, once a value is found by trial and error, it is verified that
this value is reasonable for the log. A roughness Ak=0.0025m is needed to match
the measured data. This roughness is on the same level of roughness that can be
measured for the bark of between 2-3mm which doesn’t include large features such
as bumps from branches. Therefore, it is felt that this is a reasonable value for the
roughness factor Ah. Also, for Figure 12 the creeping wave component is processed
out as discussed previously. So, this method of accounting for the surface roughness
can provide good agreement with measurements. However, as stated earlier, since
the RCS from modeling the log is very dependent on the surface roughness Ah, and
there is no way to measure Ah directly, this method of modeling the logs at higher
frequencies should be used with caution.

5 Summary

Methods of calculating the effect of the dielectric constants and roughness of a log
on the calculated scattered field is presented. The measured RCS of three logs
is then shown. By comparing the theory of c'alculatins the RCS of a log to the
measurements, the effect of roughness and dielectric constant is observed. It is
found that the roughness of the bark had a significant contribution to the RCS
of the logs above approximately 6GHz but had a much smaller impact at lower
frequencies. Therefore, for future modeling, the surface roughness can be ignored for
frequencies below 6GHz. The effect on varying the dielectric constant with frequency
versus holding it fixed is also examined. It is found that when holding the dielectric
constant fixed, the creeping wave component decreased with frequency as compared
to the case where the dielectric constant varies with frequency in which case the
creeping wave remained significant at higher frequencies. However, the method used
to calculate the scattered field was for a smooth cylinder and, therefore, a creeping
wave could be supported. But for an accurate modeling of the log to fully account
for the surface roughness, the creeping wave needs to be removed since the rough log
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. surface reduces the creeping waves. When the creeping wave is removed, the results

for a constant and a varying dielectric constant are identical. Therefore, for future
modeling, the dielectric constant can be chosen to vary or remain fixed and will
produce the same results as long as there is no creeping wave components. Finally,
the effect of choice of the didedﬁc constants is examined. It is found that using
dielectric constants of €,=24-j8 or ¢,=12.4-j4.9 for the wood produced the correct
scattered field magnitude within approximately 2dB of the measured values. The
difference of 2dB is shown to be small and a good enough match since the echo
widths of the three logs vary by more than 4dB for logs from the same tree trunk.
Therefore, these values for the wood dielectric constants will be used extensively to
model wood in later chapters.
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SECTION 5

Scattered Fields in the Vicinity of
a Tree Trunk

1 Introduction

'.l:he scattered fields in the vicinity of a cylinder used to model a tree trunk are of
interest. In Chapter 4, the modeling of a log as a dielectric cylinder is discussed and
agreement between the modeling and measurements is shown. This chapter discusses
the scattered field in the vicinity of the dielectric cylinder used to represent the tree
trunk. The dielectric parameters used for the dielectric cylinder are based in part on
the results of the previous chapter and also on the modeling discussed in Section 2.
The purpose of the analysis is tq look for trends in the near-field scattering of 2
cylinder for various geometries.

The analysis is comprised of two parts. The first part involves studying the
near field scitteting of a cylinder representing a tree trunk using an exact numeri-
cal solution of a multilayered dielectric cylinder of infinite length under plane wave
incidence. Various combinations of cylinder parameters are used to discover trends
in the scattered patterns for various cylinder geometries. The second part of the
analysis involves comparing the applicability of the above exact solution for infinite
length cylinders with normal incidence to finite length cylinders with oblique inci-
dence. This is done to find a range of angles over which the solution for an infinite




length cylinder with normal incidence can be used for a finite length cylinder with
oblique incidence. For this comparison, a UTD solution for a finite length perfect
electrical conducting (PEC) cylinder alone and above an infinite ground plane with
oblique plane wave incidence is compared to the above exact solution for an infinite
length PEC cylinder. A UTD solution for PEC cylinders is used since a more gen-
eral solution for the near field of a multilayered dielectric cylinders of finite length
and oblique incidence is not presently available. From this comparison, a range of
applicability is found which should be valid for the multilayered dielectric case.

2 Target Geometries

The geometry used for the analysis of infinite length cylinders is shown in Figure 13.
It consists of a multilayered dielectric cylinder of infinite length with circular cross
section in the x-y plane. A plane wave is incident from the negative x-axis. The
solution to this geometry is discussed in Appendix B.

The geometry used in the comparison cases for oblique incidence is shown in Fig-
ure 14. The UTD solution for a finite length PEC cylinder with oblique plane wave
incidence is calculated using the Numerical Electromagnetic Code - Basic Scattering
Code (NEC-BSC) code [24]. This code does not accurately provide the scattered
fields in the deep shadow region of a dielectric cylinder. Therefore, only the PEC
case is analyzed for the finite length cylinder. The NEC-BSC code outputs the total
field for a radial 180 degree cut in the forward scatter region at a constant radial
distance R about the center of the finite length cylinder with the angle ¢ defined as
in Figure 13.

The geometry for the case of the finite length cylinder above an infinite ground
plane used to simulate the ground is shown in Figure 15. This geometry is analyzed
since it's closer to the actual geometry that would occur in nature. This case pro-
duces the same type of output as the case without the ground plane but allows the
height of the receiver above the ground plane to be varied.
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(R.9)

Figure 13: Geometry for infinite length cylinder analysis with normal plane wave
incidence. .
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Figure 14: Geometry used for analysis of finite length cylinders with oblique plane
wave incidence.
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Ground Pllne/

Figure 15: Geometry used for analysis of finite length cylinders with oblique plane
wave incidence incidence above an infinite ground plane to simulate the ground.
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3 Analysis and Results

For the a..ndyuis, different combinations of material properties and thicknesses for the
cylinder are used to find any trends in the near-sone scattered field to cylinder model
parameters. The dielectric constants ¢, and dimensions of the dielectric cylinder used
are from Tables 1 and 2. Chapter 4 shows that the single layer dielectric model is
sufficient to match with measurements for the backscatter RCS. However, since the
fields in the vicinity of the cylinder are now of interest, both the single layer models
and the multilayer model are used. For the two-layer multilayer model shown in
Table 2, a third layer is also added to simulate the actual geometry of a tree more
accurately as discussed in Chapter 3. The fields near a dielectric cylinder using
single layer, two-layer, and three-layer models are all analyzed.

3.1 Results for Cylinders of Infinite Length

Most of the analysis consists of dielectric cylinders that are 0.15 meters in radius and
at a frequency of 0.75GHz. The dielectric constants and thicknesses are varied for
each of the two or three layers of the cylinder. The main trends in the analysis are
shown in the next few figures. The results for a typical three-layer cylinder model
for both TM and TE polarizations at radial distances of 4, 10, and 30 meters are
shown in Figures 16, 17, and 18, respectively. This three-layer model has an inner
layer of thickness 0.07m and ¢,=15-j7, a second layer of thickness 0.07m and e,=7-j3,
and an outer layer of thickness 0.01m and ¢,=4-j1. These figures show the trends
in the total field produced by a typical tree at various radial distances. It is worth
noting that at even 30 meters (75 wavelengths) the total field still shows a variation
directly behind the cylinder of about +1 dB from the free space value. This result
is typical for the various combinations of dielectric constants and thicknesses used
in the cylinder models. .

For comparison, results for a two-layer cylinder model at R=4 meters are shown
in Figure 19. This two-layer model has an inner layer of thickness 0.13m and ¢, =8-j1,




" and an outer layer of thickness 0.02m and ¢,=4-j0. The field plot is very similar to
the previous case for the three-layer model but differs slightly in the forward scatter
region. This two-layer geometry also shows a similar fluctuation in the field at 30
meters as the previous three-layer example. For further comparison, the dielectric
constants that are used to model the RCS of the logs in Chapter 4 are also used in
the near field analysis. Two single layer cylinder geometries are analyzed each with a
different dielectric constant. A field plot of the first single layer model at R=4 meters
is shown in Figure 20 for a dielectric constant of ¢,=12.4-j4.9. The field pattern at
R=4 meters for another single layer model with dielectric constant ¢, =24-j8 is shown
in Figure 21. The similarities between the single, two, and three layer cylinder models
illustrate the trends observed in the field patterns of the various cylinder geometries

analysed. All the geometries examined showed approximately the same total field
patterns as these two cases. This invariance in the field patterns to the constituent
layers for the various cases shows that the field is relatively insensitive to the cylinder
layer thickness and dielectric constants used in modeling the tree trunk.

To further illustrate the behaviour of the fields with distance, a rectangular grid
of field points in the forward scatter region is calculated. Figures 22 and 23 show
the field for a grid of points behind the cylinder for TM and TE polarizations,
respectively. The cylinder is comprised of three-layers with an inner thickness of
0.08 meters and ¢,=15-j7, a second layer with a thickness of 0.05 meters and ¢,=6-
j3, and an outer layer with a thickness of 0.02 meters and ¢,=4-j1. For comparison,
the fields for another geometry are plotted in Figures 24 and 25. This cylinder has
an inner layer thickness of 0.08 meters and ¢,=6-j3, a second layer with a thickness
of 0.05 meters and ¢,=15-j7, and an outer layer of thickness 0.02 meters and ¢,=4-
jl. The field for a single layer cylinder with a dielectric constant of €,=12.4-j4.9 is
shown in Figures 26 and 27 for TM and TE polarizations, respectively. Another
single layer cylinder with a dielectric constant of ¢,=24-j8 is plotted in Figures 28
and 29, respectively. The main difference in the plots is mainly in the depth of
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the scattered field near the cylinder. The similarity of the plots for their respective
polarizations again shows the same relative insensitivity in near field patterns to the
dielectric constant and the layer thickness as was observed earlier. And since the
fields are relatively insensitive to the number of layers used, modeling the trunk with
a single dielectric layer is also valid for the near-zone scattered field as is found for
the far-zone RCS.

4 Results For Cylinders Of Finite Length

The previous section describes the results for infinite length dielectric cylinders un-
der normal incidence. The infinite length of the cylinder used to model the tree
trunk isn’t very faithful to the true finite length of a tree trunk. For this reason,
the scattered field of finite length dielectric cylinder at oblique incidence is also of
interest. However, no solution is readily available for the near field of a ﬁnite length
multilayered dielectric cylinders at oblique incidence. Therefore, it is desirable to
find a range over which the exact solution for normal incidence of infinite length
cylinders can be applied to the case of finite length cylinders with oblique incidence.
To accomplish this, a UTD solution for oblique incidence is used for comparison
at various inclination angles,  (see Figure 14), with the exact, normal incidence
solution. However, the only accurate UTD solution for the deep shadow region
presently available is for PEC cylinders. The exact solution for infinite length cylin-
ders at normal incidence is used to calculate the field at various distances R from
a PEC cylinder. The UTD solution is then used to calculate the field for various
incidence angles 8 at the same distances.

For the geometries analyzed, a cylinder length of L=10 meters and a radius of
r=0.15 meters as shown in Figure 14 are used. The two solutions match very closely
for the case of normal incidence (6=0 degrees) for the finite length cylinder. This
shows that the diffraction from the cylinder ends is relatively insignificant for the
height and radius analyzed. Comparison plots between the exact solution and the
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UTD solution are overlayed in Figures 30 and 31 at a distance of 5 meters for 15
and 30 degree inclinations, respectively. The two solutions are also overlayed for
a distance of 10 meters and an incident angle of 15 degrees in Figure 32. The
overlayed plots show a very close similarity in their near field patterns except for a
slight variance in the sidelobe spacing and a difference in the depth of the main null
in the forward scatter region. These differences are relatively small and show that the
normal solution can be used for oblique incidence up to 30 degrees depending on the
accuracy required. However, the solution for normal incidence is no longer applicable
to the oblique incidence geometry as the incidence angle 6 increases and/or the radial
distance R increases since then the direct ray dominates the near ﬁeld pattern.

The case for the cylinder above an infinite ground plane is analyzed next using
the same NEC-BSC code as the above UTD solution. The case for a cylinder radius
of 0.15m, length of L=10 meters; and height of H=2 meters for various inclination
angles as shown in Figure 15 are analyzed. The near field patterns for TM and TE
polarizations at a distance of 5 meters for incidence angles of 15 and 30 degrees
are overlayed with the exact solution for normal incidence in Figures 33 and 34,
respectively. The imaged UTD oblique incidence solution and the normal incidence
exact solution agree very closely in the same regions and disagree in the same regions
as the above exact and UTD solution without the ground plane.

5 Summary

The scattered fields in the vicinity of a cylinder used to model a tree trunk are ana-
lyzed. It was shown that the scattered fields for a infinite length dielectric cylinder
are relatively insensitive to the dielectric constants and layering of the cylinder and
that a single layer model is also valid for the near-zone scattering. Also, the blockage
in the forward scatter caused by the tree trunk is shown to be large. The blockage
is approximately 5dB directly behind the trunk and decreases to approximately 1dB
at 30 meters from the trunk. The solution of the infinite length dielectric cylinder
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solution at 30 degrees incidence at a distance of 5 meters at 0.75GHz.
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is then shown to be applicable to a finite length dielectric cylinder as long as the
incidence angle is less than 30 degrees and no direct ray between the source and re-

ceiver exists. Similar results are found for the finite length cylinder above a ground

plane as for the case without the ground plane.
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SECTION 6

Trunk-Ground Interactions

1 Introduction

The effect of the ground on the scattering by a tree trunk is examined. This builds
on the results of Chapter 5 which examines the fields in the vicinity of infinite length
cylinders and for finite length cylinders above a perfect ground plane. The analy-
sis in Chapter 5 uses an exact eigenfunction solution and a UTD analysis with the
NEC-BSC code. In this chapter, the scattering from only the interaction between
the tree trunk and the ground is examined. The scattering from branches is dis-
cussed separately in Chapter 7 to simplify the analysis. The Geometric Theory of
Diffraction (GTD) is used to find the scattering of a finite length dielectric cylinder
representing the trunk protruding from an infinite dielectric half-space representing
the ground. The solution is then verified against the PEC top-hat solution formu-
lated by N. Akhter [25) and is also verified using image theory for a dielectric cylinder
above a PEC ground plane. The GTD solution is then used to analyze the scattering
from the trunk-ground interactions for various trunk and ground parameters. In the
analysis, the ground is modeled as described in Section 2 and the wood is modeled
based on the results of Chapters 4 and 5.
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Figure 35: Geometry used to model trunk-ground interactions.

2 Modeling of Geometry

In Section 2, only the large *runches and the trunk need to be accounted for in
modeling the tree for the frequencies between 0.3-1.3GHz. In Chapters 4, 5, and 7
it is valid to model the scattering from a log (wood) as a dielectric cylinder. The
same method is used in this analysis. The ground is now modeled as a dielectric half-
space as mentioned in Section 4 which is more realistic than modeling it as a PEC
as is done in Chapter 5. This mudeling of the geometry will enable a more accurate
analysis of the RCS of a tree by including trunk-ground interactions (TGI). The
resulting geometry is shown in Figure 35. The geometry consists of a finite length
dielectric cylindet'reprmenting a tree trunk protruding from a dielectric half-space
which simulates the ground. The cylinder can consist of either multiple concentric
dielectric layers or as a single dielectric piece. The polarization defined as horizontal,

63




bt

{1

(1) D (2) RDR
(3) RD (4) DR

Figure 36: Diffraction interactions used in trunk-ground interaction modeling

with the electric field normal to the x-z plane, and vertical, with the electric field
parallel to the x-z plane.

The modified Geometrical Theory of Diffraction for dielectric materials is then
used to calculate the scattering from this geometry. Due to rotational symmetry,
the backscattered field needs only to be calculated in the plane containing the axis
of the cylinder. The only rays that need to be considered to find the backscattered
field are shown in Figure 36.

Diffraction from the cylinder-ground junction is not considered in this analysis.
This is because when the cylinder and base are at right angles and are of the same
material, the scattering from this junction will be zero. When the cylinder and
base are of two different materials, it is felt that the scattering from this interface
will be small when compared to the other scattering mechanisms. Furthermore, an
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appropriate solution to the scattering from this interface is not presently available.
Therefore without significant impact on the calculation of the backscattered field,
this contribution can be ignored.

The remaining terms in the GTD solution can readily be calculated using Equa-
tions (2) and (12). Accordingly, for the single diffraction D, terms, the incident and
reflected angles referred to the top of the cylinder are given by:

=x-¢6
b=r-0-c¢ (25)
Where a small bistatic angle € is subtracted from the diffracted ray to avoid compu-

tational errors when the diffracted ray lies along the incident ray path. The phase
length of ray D1 referenced to the center of the cylinder base is:

p=Hsind +acosb. (26)
The argument of the Chiang itansition function U is:
U = 2ka cosé. (27)

The quantity p? given by Equation (5) is:

d_ a
P = 2ccat’

Combining Equations (25), (26), (27) , and (28) with Equations (2) and (12) yields
the diffracted field for location 1 given by:

Dy _ g —€ 7/ r—20—¢ +20+¢
U = U T {[cot(———s doot (TR2EE)]
A Ix-20—¢ oh —x+20+e€
[R,‘, cot (——————3 + R} cot —s
2jk(hsin64+acoed) [__ &
e "/ S oon 0T.(2ka.c080) (29)

Ui = E, Horizontal polarization
» 7| H, Vertical polarization.

(28)

where:

(30)

8,
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Likewise using the same procedure the diffracted field for location 2 is found to

be:
o, o (55 o (55

e (2329 oo (==2)

e2ik(hain8+acosd) if 5 c:s 0T,(—2ka cos §). (31)

For the Reflected-Diffracted-Reflected (RDR) term, a similar procedure is used
as before except the reflection coefficient from the ground R, must be taken into
account. The resulting diffracted field for the RDR term is:

URPR - Ui, ;:/_’1‘ (R {[ (fizf—’—‘) + cot (1’-"—2:-’3)] +

[R;"‘ cot (3x +§0 - e) + R cot (~1r —320 + e)]}

Spikk ojkathcoed [ .
el e Toos 9T=(2"“ cosf). (32)

The Diffracted-Reflected (DR) and Reflected-Diffracted (RD) terms can be cal-
culated as follows. It has been shown that the DR and RD terms give the complete
solution in the dihedral region if a small bistatic angle is taken between the incident
and reflected ray paths for both the RD and DR terms [25]. The appropriate ray
paths are shown in Figure 37. When the RD and DR terms are calculated this
way and combined, the discontinuities in their solutions will cancel and provide the
correct bounded result. This combination is done numerically by the computer and
each diffraction term is presented independently. Using the geometry of Figure 37,
the DR field is:

U —ei*/4

Vg i o (5) e (55))+

[R="‘°°*(3”‘)+Rn" °*( )

ejk(aeo.(m)-hlin(0+e))ejkvi;’+° “("tm- . T 0T,(2ka cos 6) (33)

UDR

66




2 | \
V.
\\
H .
o+e \g‘(\ 0+t
) ‘L
DR term
y
//
///
c/
\\o
lo28_ |
(]
H
)

RD term

Figure 37: Calculation of RD and DR term using small bistatic angles between ray

paths.
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and the RD field is
2 o () (239
U -U:‘h3\/2_ﬁR; cot 3 +cot( 3 )+
3x — € -4 €
A A
[ ot (355) + Rt ot (55 [
ib(o cou(8)—h sin(0) VI con (o4-tan ™ 8) \ /ﬂhn(zka cos ). (34)

It should be noted that the method to calculate the diffracted fields from the TGI
geometry doesn’t take the creeping wave component of the cylinder into account.
The above diffracted fields are combined to calculate the scattered field for the
trunk-ground interactions.

3 Verification of TGI Solution

The GTD solution for the trunk-ground interaction is verified in two ways. The RCS
of a finite length dielectric cylinder is calculated using a modified exact eigenfunction
expansion. Then the RCS of a dielectric cylinder of half the length as used in the
exact solution above an infinite ground plane is analyzed using the TGI solution for
9 approximately 0 degrees. The two values agree quite well for the various cases
tried.

Unfortunately, no other solution for the dielectric trunk-ground interaction is
available, but a solution is for a PEC top-hat. The top-hat has a finite radius
PEC disk for a base instead of an infinite ground plane as in the TGI geometry.
Therefore, to compare the two solutions, the equivalent top-hat geometry must be
chosen carefully. First, the diffraction from the edge of the base of the top-hat
must be eliminated since this edge doesn’t exist for the TGI geometry. Second,
the dimensions of the top-hat must be chosen such that only RD, DR, and RDR
diffractions can occur from the top of the top-ha.f cylinder and not from the base
edge. Once these modifications are done, the solutions can be verified for the PEC
case. This is shown in Figure 38 for a top-hat of radius a=0.2m and height H=15m.
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Table 4: Diameters of trees (DBH) and the corresponding tree height 4 and effective
tree height A, of the cylinder used to model the tree.

DBH tree height (h) | effective tree height (k,)
12” (0.3048m) 17.4m 14.8m
14" (0.3556m) 20.4m 17m
16” (0.4064m) 23.3m 20m

The base radius of the top-hat is taken as 430 meters to eliminate the RD,DR, and
RDR diffraction terms from occurring from the base edge. Since a solution for a
dielectric top-hat is not readily available, the verification of the solution is complete
and the solution of the TGI geometry is assumed correct for the dielectric case based

on the above two cases.

4 Analysis of Trunk-Ground Interactions

The trunk-ground interactions are analyzed using the above GTD TGI solution for
the scattered fields. For the tree geometries, the diameters of the trees are taken
from measurements at a forested area near OSU’s Big Ear telescope. The trees in
the forest range in diameters from small saplings up to trees 16” in diameter. The
analysis consists mostly of trees with DBH’s between 12”~16"”. These dimensions
are large enough for a GTD analysis and comprise a fairly large number of the trees
in the forest. Using these diameters and Equations (14) and (17) appropriate heights
of the trees can be found. The dielectric constants are chosen based on the results of
Chapter 4 for the tree and on Section 2 for the ground. The results of the analysis
are described below.

The RCS for a tree with DBH=14" and a corresponding height from Table 4
of 17 meters is shown in Figure 39 at a frequency of 0.75GHz. In the Figure, the
top plot is for a cylinder with a dielectric constant of ¢,=12.4-j4.9 while the bottom
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Figure 38: Comparison of top-hat and T'GI solutions for the PEC case. The cylin-

der radius a=0.2m and height H=15m. The top-hat base is 430 meters for this
comparison and the frequency is 0.75GHz.
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plot is for a cylinder with a dielectric constant of e.=24.8-j8. The ground for both
plots has a dielectric constant of €,=20-j0.15 which from Table 3 corresponds to
the measured soil at Ohio State University’s Big Ear telescope. The same size
tree is shown in Figure 40 and Figure 41 for soil dielectric constants of ¢,=7-j1.5
and ¢,=18-j5, respectively. The effect of the soil and trunk dielectric constants are
apparent in the PEC case of Figure 38 where a relatively flat RCS with incidence
angle occurs. The dielectric cases show a large null in the pattern around §=15
degrees and another at around =75 degrees for only the vertical polarization but
no nulls for the horizontal polarization. These angles correspond to the Brewster
angle for the vertical polarization for the dieleciric surfaces of the trunk and ground.
No nulls are present for thc horizontal polarization since the Brewster angle for
the horizontal polarization is dependent on the magnetic properties of the material.
Since the trunk and ground are assumed to have the permeability of free space (o)
the Brewster angle doesn’t exist for the horizontal polarization.

The difference in the polarizations is worth further examination. The reflection
coefficients from a dielectric half-space are shown in Figure 42 for the dielectric
constants used to model the ground and wood. The reflection coeflicients for the
ground (T'y) show a deep null around 15 degrees. The location and depth of the null
depend on the exact dielectric material of interest. A similar null is observed in the
reflection coeflicients for the tree dielect: materials (I';). The reflection coefficient
for the tree dielectric constants is shown for a dielectric half-space instead of for
a cylinder. This is for ease of computation and to show the inherent behaviour of
the dielectric material so the effect of the cylindrical geometry is removed. The
inaccuracy caused by this is small since the material is lossy so any contribution due
to reflections from the back face of the cylinder would be attenuated and the main
contribution will come from the front cylinder face which is similar to the case for
a half-space. The reflection coefficient for the vertical polarization shows a similar
null for the tree dielectric materials compared to the soil dielectric materials but
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Figure 39: Radar cross section for a tree with DBH=14" and height A;=17m at a
frequency of 0.75GHz for both horizontal and vertical polarizations. The relative
dielectric constant of the ground is €,=20-j0.15. The relative dielectric constant of
the tree is ,=12.4-j4.9 for the top plot and €;=24-j8 for the bottom plot.
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Figure 40: Radar cross section for a tree with DBH=14" and height h;=17m at a
frequency of 0.75GHz for both horizontal and vertical polarizations. The relative
dielectric constant of the ground is €,=7-j1.5. The relative dielectric constant of the
tree is €,=12.4-j4.9 for the top plot and ¢;=24-j8 for the bottom plot.
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Figure 41: Radar cross section for a tree with DBH=14" and height A;=17m at a
frequency of 0.75GHz for both horizontal and vertical polarizations. The relative
dielectric constant of the ground is €,=18-j5. The relative dielectric constant of the
tree is €,=12.4-j4.9 for the top plot and ¢,=24-j8 for the bottom plot.
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at higher incident angles from horizontal since the dielectric half-space for the tree
dielectric constants is oriented vertically.

These nulls in the reflection coefficient significantly affect the RCS of the tree
geometry since the dominant contribution to the RCS of the TGI geometry is from
the RD and DR terms which represent the dihedral effect between the trunk and
the ground. Since the RD and DR terms both are multiplied by the reflection from
the ground, a decrease in the ground reflection coefficient will significantly decrease
the RD and DR term magnitudes near the ground Brewster angle. This decrease in
the reflection coefficient is only for the vertical polarization and .not the horizontal
polarization. The same effect occurs for the RDR term but the effect of the RDR
term is smaller than the effect of the RD and DR terms. As the incidence angle
increases, the Brewster angle from the tree surface has a significant effect on the
diffracted fields. This can be seen by examining Equation (12) and noting that the
reflection coefficient from the dielectric surface (the trunk) modifies the diffraction
coefficients. Therefore, as the tree reflection coefficient decreases, the diffracted field
will decrease which will affect all the diffraction terms. Therefore, we can conclude
that the effect of the reflection coefficients near the Brewster angles on the reflected
field from the dielectric surfaces causes a significant difference between the RCS of
two polarizations from the tree.

To further illustrate the effect of the dielectric materials on the RCS of the
tree, other cases will be examined. In Figure 43, the RCS at 0.75GHz for a tree
of DBH=12" with a corresponding effective height A, from Equation (14) of 11.6
meters. The dielectric constants of the tree are €=12.4-j4.9 for one graph and
€:=24.8-j8 for the other graph. The ground dielectric constant is ¢,=18-j5 for both
plots. The RCS shows the same pattern as shown before for trees with diameters
of 16”. This shows that the diameter has little effect on the difference between
polarizations. In Figure 44 the same size tree and same dielectric constants as
in Figure 43 are used but this time at a frequency of 1.3GHz which is the highest
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Figure 42: Reflection coefficient from dielectric half-spaces to show the differences
in the reflection coefficient (T') for the horizontal and vertical polarizations of the
dielectric materials used in modeling the trunk-ground interaction. Top plot is of
the reflection coefficients for soil dielectric constants (I'y) and the bottom plot is of
the reflection coefficients for tree dielectric constants (I;).
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frequency in the band of interest. Figure 45 shows the RCS for a tree with DBH=16"
and a height of 20m at a frequency of 1.3GHz. The dielectric constant of the ground
is €,=7-j1.5. The same difference between the horizontal and vertical polarizations

is seen for these tree geometries as in the previous cases.

5 Summary

The analysis of the scattering from a tree trunk including the effect of the ground
is examined. The trunk is modeled as a finite length dielectric cylinder and the
ground is modeled as an infinite dielectric half-space. The effect of the dielectric
constants for the ground and tree is examined. It is found that for all the dielectric
constants chosen, the RCS of the tree for horizontal polarization is 5-7dB higher
than for the vertical polarization. This is explained by the Brewster angle of the
dielectric materials (both the tree and ground). At the Brewster angle, the reflection
from the dielectric surfaces is much higher for the horizontally polarized field than
the vertically field. The reflection coefficient for the vertical polarization is close to
zero at the Brewster angle. This difference in reflection coefficients for the polariza-
tions causes the large difference in the RCS of a tree for the horizontal and vertical
polarizations.
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Figure 43: Radar cross section for a tree with DBH = 12" and height h,=14.8m at
a frequency of 0.75GHs for both horizontal and vertical polarisations. The relative
dielectric constant of the ground is ¢;=18-j5. The relative dielectric constant of the
tree is €,=12.4-j4.9 for the top plot and ¢=24-j8 for the bottom plot.
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Figure 44: Radar cross section for a tree with DBH=12" and height h,=14.8m at
a frequency of 1.3GHs for both horizontal and vertical polarisations. The relative
dielectric constant of the ground is ¢,=18-j5. The relative dielectric constant of the
tree is €,=12.4-j4.9 for the top plot and €;=24-j8 for the bottom plot.
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Figure 45: Radar cross section for a tree with DBH=16" and height A;=20m at
a frequency of 1.3GHz for both horizontal and vertical polarizations. The relative
dielectric constant of the ground is €,=7-j1.5. The relative dielectric constant of the
tree is ¢,=12.4-j4.9 for the top plot and €=24-j8 for the bottom plot.
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SECTION 7

Branch Scattering

1 Introduction

This chapter discusses the scattering from tree branches. In Chapter 6 the scatter-
ing due to the dihedral between the trunk and ground is studied. The polarization
difference in the RCS of the trunk-ground is also shown in Chapter 6. The question
now is where does the level of scattering from branches compare to the level of scat-
tering from the trunk-ground interaction. Due to the complexity of tree branches, a
solution involving all the scattering interactions would be very complex. Therefore,
a simplified branch geometry that fits the needs of the analysis must be decided
upon. The geometry consists only of the interactions between a single branch and
the trunk. This involves analyzing the scattering from the dihedral between a tree
branch and trunk, and the specular scattering from the side of a tree branch. To find
the level of scattering from branches, it is desired to find the maximum scattering
from a single branch that could be expected. To accomplish this, a series of worst
case scenarios are analyzed that will provide the highest level of scattering from tree
branches that would occur. Based on the results for a single branch, the importance
of the scattering from branches can be deduced.

The analysis consists of modeling the tree trunk and branches with dielectric
cylinders as is done in Chapters 4 and 5. The dielectric constants are chosen based
on information in the literature that is presented in Table 1 and on the results of
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Chapter 4. The wood models are then used in a8 UTD solution for dihedrals of
dielectric cylinders. Based on this analysis, a level for the RCS from a branch is

found.

2 Modeling of Branch Scattering

The actual geometry of tree branches is very complex and is beyond the level of
analysis desired. The purpose of the analysis is to find a level for the scattering
from a single branch and, therefore, decide on the importance of branch scattering
compared to the trunk-ground interactions. Since the exact level of branch scattering
is not of interest, an attempt will be made to simplify the analysis. As already
discussed in Section 2, the geometry of the tree can be simplified for the frequencies
of interest to eliminate many of the smaller tree branches leaving only the larger
branches and the trunk. While a more complete modeling of the branches would
account for the various interactions between the trunk and the numerous branches,
this analysis is currently too complex for the results desired.

Since the exact level of branch scattering is not desired and only the maximum
level of branch scattering, a worst case scattering analysis is done. To do this, it is
observed that for a field incident on the tree, many of the larger tree branches will be
oriented at obﬁqne angles to the incident field. The backscattered field for oblique
incidence will be small and, therefore, this case will be ignored. The dominant
effect will be when the incident field is near normal incidence (specular) on the
side of a branch. This will have a much larger backscattered field than the oblique
incidence case. It is also observed that the larger branches of a tree are oriented at
many different angles with respect to the vertical axis of the tree trunk. The angle
between the trunk and the branch form a dihedral which can have a significant
backscattered field if the incident field is in the plane of the dihedral. The dihedral
effect will be largest for backscatter if the angle between the branch and trunk is 90
degrees. Using this reasoning, the only branch scattering effects of interest are the
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Figure 46: Geometry used to model branch scattering.

specular scattering from the side of a tree branch and the dihedral effect between the
trunk and branch. All other scattering effects will be ignored including higher order
interactions between the branches because these effects will be small compared the
two main effects mentioned above.

The geometry that will be analyzed is shown in Figure 46. It consists of two
finite length dielectric cylinders at a 90 degree dihedral angie. For this geometry,
a horizontally polarized wave is oriented normal to the x-z plane while a vertically
polarized wave is parallel to the x-z plane. The backscattered field is calculated
using the UTD solution formulated in [25] and briefly summarized in Appendix C.
Care must be taken when using this solution to gnuaﬁtee that the diameters of the
dielectric cylinders are greater than approximately 0.7 wavelengths otherwise the
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UTD solution will break down. For this geometry, the specular scattering from the
side of & branch will occur for §=90 degrees.

To model the scattering from a tree branch, the sizes and dielectric constants
of the cylinders must be decided upon. The dielectric constants of the wood are
modeled using the same values that are found to compare with measurements in
Chapter 4. The lengths of the dielectric cylinders are taken from Equation (17).
Unfortunately, these equations only provide an effective tree height A, and height
to maximum crown diameter k,. However, these equations carn be used to derive
approximate values for the lengths of the dielectric cylinders used in the modeling.
And since only a worst case analysis is of interest, the approximations of the length
are appropriate if chosen correctly.

Therefore, using Equation (17), if the diameter of the tree (DBH) is known then
the height to the widest part of the canopy A, and the effective height of the tree A,
can be found. It is then assumed that the longest branches occur at the widest part
of the canopy. While this assumption may not always be valid, we are assuming
a 90 degree dihedral which forces the longest branches to occur at the widest part
of the canopy. The length of the tree cylinder L, is then taken as the difference
between the effective height of the tree h, and the widest part of the canopy A,.
The diameter of the cylinder used to medel the trunk is taken as the DBH of the
tree. These assumptions will significantly overestimate the actual dimensions of the
trunk since in the model, the cylinder has a constant diameter but in an actual tree
the trunk will be tapered.

For the diameter and length of the branch cyiinder, other approximations are
used. The literature is short on details on the modeling tree branches and formu-
las relating tree size to branch sizes. Therefore, since only a worst case analysis
is of interest, an intuitive model is used that will still provide physically realistic
dimensions but will overestimate the actual dimensions of the branches to provide

a maximum level of the RCS from a branch. Accordingly, it is assumed that the
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branch and tree have approximately the same dielectric constants which should be
a reasonable assumption for the larger branches which are the only ones of interest
here. The diameter of the branch will be taken to be equal to the diameter of the
trunk. This is justified since it would be unrealistic for a branch to have a larger
diameter than the tree and setting the diameters equal wiil provide a worst case
scenario. Choosing an appropriate length for the branch is more difficult. Setting
the branch length equal to the trunk length would provide a worst case analysis but
would be highly unrealistic and nonphysical. Therefore, the length of the branch
cylinder will be arbitrarily taken as one-half the length of the trunk. This length is
more realistic than making the lengths equal but should still provide an overestima-
tion of the RCS of the branch. Also, the branch is modeled as a constant radius,.
straight cylinder but since an actual branch is tapered and usually bent, the actual
RCS of a branch is overestimated. These dimensions for the branch overestimate
the actual dimensions and, therefore, the scattering for a tree branch.

3 Analysis of Branch Scattering

The diameters used for the tree trunk are based on a survey of trees in the woods
surrounding the Ohio State University Radio Telescope known as Big Ear. The tree

_survey showed that there are a large number of trees with DBHs between 12 and

16 inches (0.30 and 0.41 meters). Therefore, the cylinders used to model the trunks
and branches will be between 0.3 and 0.41 meters in dismeter. Using these values
in Equation (17) the lengths L; and Ly can be found as discussed previously. These
dimensions are summariged in Table 5 for various DBH values.

The dimensions from Table 5 are then used with the dielectric constants from
Chapter 4 to find a level for the scattering from tree branches. The RCS from the
branch dihedral for a tree with a DBH=12" and dielectric constant of ¢, = ¢=12.4-
j4.9 is shown in Figure 48 for both horizontal and vertical polarizations at a frequency
of 0.75GHz. For comparison, the RCS for the same size tree but with a dielectric
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Table 5: Diameters of trees (DBH) and the corresponding cylinder lengths used in
modeling branch scattering for worst case analysis. '

DBH tree cylinder length (L,) | branch length (Lg)
12” (0.3048m) 5.26m 2.63m
14" (0.3556m) 6.06m 3.03m
18" (0.4064m) 6.86m 3.43m

constant of ¢ = €=24-j8 is shown in Figure 49 at the same frequency. For both
Figures 48 and 49, the RCS for horizontal polarization is grester than the RCS
for vertical polarization. For comparison, a branch dihedral of the same size and
at the same frequency is shown in Figure 47 but for a PEC case. The PEC case
doesn’t show the same difference in the horizontal and vertical polarizations that
the dielectric cases show. This difference in the polarizations is due to the reflection
coefficients from the branch surface being smaller for vertical polarization than for
horizontal polarigation. This is due to the decrease in the reflection coefficient for
? vertical polarization near the Brewster angle as is described in Chapter 6. Therefore,
: the differences in the two polarisations are due to the same reasons as is explained
for the polarization differences of the GTI geometry in Chapter 6.

The RCS of the hranch dihedral should be examined more closely. For 6 near
0 degrees, most of the scattering is from the trunk cylinder and not the branch.
The trunk scattering is discussed in detail in Chapter 6 and isn’t important for the
current analysis of branch scattering. Near §=90 degrees the scattering is mainly
t from the specular scattering from the side of the branch cylinder. The RCS for the
branch is less than 7 dBam for the geometries in Figures 48 and 49. For the dihedral
region, the scattering for the horizontal and vertical polarizations are approximately
5 dB different.
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Figure 48: Radar cross section of 90 degree cylindrical dihedral to simulate the
scattering from a tree-branch dihedral at a frequency of 0.75GHs. The tree diameter

(DBH) is 12" with a relative dielectric constant of ¢, = =12.4-4.9.
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To further illustrate the scattering from branches, several more geometries are an-
alysed. The RCS for a DBH=14” tree with dielectric constants of ¢ = &=12.4-j4.9
and ¢ = €;=24-j8 is shown in Figure 50 for both horizontal and vertical polariza-
tions at a frequency of 0.75GHs. In Figure 51, the RCS at 0.75GHz of a tree with
DBH=16" and with dielectric constants of ¢, = €,=12.4-j4.9 and ¢ = ¢=24-j8 is
shown. In Figure 52, the RCS of the same tree with DBH=16" and with dielectric
constants of ¢ = €=12.4-j4.9 and ¢ = €=24-j8 is shown but at a frequency of
1.3GHs which is the highest frequency in the band of interest. By comparing Fig-
ures 48, 49, 50, and 51 it is seen that the size of the branch (diameter and length)
doesn’t affect the shape of the RCS considerably. The size mainly causes the RCS
of the branches to shift upward for larger size branches. The difference between
the RCS for the horisontal and vertical polarisations is nearly independent for the
branch sizes analyzed and is always approximately 5 dB. The largest RCS in the
dihedral region of the geometries analyzed is for the geometry of Figure 52. The
RCS is less than approximately 5dBsm in the dihedral region and is Jess than 12
dBsm for the specular scattering from the log. The log for Figure 52 is 16" in di-
ameter which is the largest tree size in the woods at OSU’s radio telescope and the
frequency is the highest in the band of interest. Since the dimensions used in the
analysis are the largest that are reasonable for the worst case analysis, the case in
Figure 52 is representative of the largest RCS for branch scattering for the tree sizes
and frequencies of interest.

4 Summary

A model for the scattering from the dihedral formed by the tree trunk and a branch
is presented. The analysis consists of a worst case analysis to show the highest level
of branch scattering that could be expected. As a result, the sizses of the cylinders
used to represent the branches and trunk are picked as large as considered reasonable
based on formulas for tree height and on intuition about branch sizes. The resulting
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model overestimated the RCS of actual branches since in modeling, the branches
and trunk are modeled as perfectly straight and of constant diameter whereas for
actual trees the branches and trunk are bent and tapered so the actual geometry will
have a lower RCS than modeled. Using this worst case analysis, the maximum RCS
for a tree branch is less than 5 dBsm in the dihedral region between the trunk and
branch and would be much less out of the dihedral plane. The specular scattering
from a branch is less than 12 dBsm. While the specular scattering from a branch is
greater than the dihedral region, the chances of the incident field impinging exactly
perpendicular to a branch is small and, therefore, the scattering from a tree branch
will be smaller than calculated. Therefore, it is shown that the highest level of
scattering from branches is approximately 20dB lower than the scattering from the
trunk-ground interaction in the dihedral region. '




SECTION 8

Summary and Conclusions

The electromagnetic scattering from the trunk and branches of a tree is analyzed.
To solve for the scattered field, the modified Geometrical Theory of Diffraction is
used. Before the scattering from iree can be analyzed, some background information
is required. A summary of the current techniques and methods of modeling trees is
presented. The geometry used for a low-frequency model of the trunk and branches
is :hown.. The corresponding dielectric information for modeling wood is presented.
But before the trunks and branches are analyzed, the scattering from tree logs is
examined. These measurements are used to find a set of values that are presented in
the summary that can appropriately be used to model the types of wood of interest.
A set of dielectric constants for wood are found and used in modeling logs to closely
match the measured RCS. It is also found that the surface roughness can be ignored
for frequencies below approximately 6GHz for the trees of interest. A method is
presented that could be used to match the measured RCS of a log to theory using
a roughness model for the wood surface. But due to sensitivity in the model to the
surface roughness and the variation of the RCS of the same section of a trees trunk,
it is shown that this method isn’t recommended in modeling the RCS from a tree
trunk above 6GHs.

The results for the modeling of a tree are combined with the information pre-
sented to calculate the scattered fields in the vicinity of a tree trunk. It is shown
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that the scattered field near a tree trunk is relatively insensitive to the constituent
parameters of the tree. Also, the blockage in the forward scatter region caused by
the trunk is shown to be large and decreases slowly with distance from the trunk and
is shown to be approximately 1dB at 30 meters from the trunk. It is also shown that
the method of calculating the scattered field near a tree trunk at normal incidence
can be used for oblique incidence of finite length cylinders. However, its applicability
fails for large angles of incidence and/or for large distances from the cylinder when
a direct ray between the source and field point dominates the near-zone scattered
field.

The backscattered field of a tree trunk is examined next. First the effect of the
trunk-ground interactions (TGI) is examined. The modified Geometrical Theory
of Diffraction is used to find the scattered field for this geometry. It is found that
the scattered field for horizontal and vertical polarisations is approximately 7dB
different in the dihedral region between the trunk and the ground. This is explained
by the decrease in the reflection coefficient for both the trunk and ground dielectric
surfaces near the Brewster angle for vertical polarization. The Brewster angle for the
horizontal polarization isn’t present for this geometry since no magnetic materials
are used in the modeling.

To determine the effect of the scattering from branches, the dikedral between
the branch and trunk is examined. The purpose is to find a level for the scattering
from a branch and, therefore, to find the importance of branch scattering compared
to the trunk-ground interactions. Therefore, since the exact level of the scattering
from a branch isn’t important but the maximum level is, a worst case analysis is
examined. This allows the branch geometry to be greatly simplified. It is found that
the scattered field in the dihedral region of the branch scattering is approximately
20dB lower than the TGI scattering in the same region. The maximum level of
branch scattering occurs for normal incidence on the side of the branch and is less
than 12dBsm. But, since the incident field will rarely be normally incident on the
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branch, the branch scattering should be less. The branch scattering also exhibits
the same difference in the RCS for the dihedral region between the horizontal and
vertical polarizations as the TGI geometry. The cause for the difference is also due
to the change in the reflection coefficient near the Brewster angle as is the cause
for the difference in the TGI geometry. Since the scattering from a single branch is
much less than the scattering from the TGI interactions, for several branches, the
level of branch scattering will increase but the TGI will remain larger for a single
tree.

In conclusion, for the low frequencies of interest, simplificatior s can be made in
modeling the scattering from the trunks and branches of trees. Also, the higher
order terms between branches and the branch and the ground will be much smaller
than the main branch scattering for the geometries of interest and, therefore, are
ignored. The leaves, smaller branches, and higher order terms were ignored in the
analysis, but would need to be included to completely model the scattering from a

tree.
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Appendix A

Reflection and Transmission of
plane waves in Planar, Stratified
(multilayered) Medium

Details of reflection and transmission of the plane wave in multilayered medium are
presented in [10]. Here a summary of {10] is presented. Suppose a plane wave in
free space has oblique incidence on a plane multilayer consisting of N homogeneous
isotropic slabs as shown in Figure 53. Let d,, u,, and e, represent the thickness,
permeability, and permittivity of slab n. The slabs are considered to have infinite
width and height and parallel surfaces, with unbounded free space on both sides of
the multilayer. The incident plane wave impinging on the left- hand surface of the
multilayer is given, in the TE case (i.e., perpendicular polarization) by:

E: = Eoejkoylinﬂejko:cue’ ' (35)

where § is the angle of incidence, k; = 2x/), and ) is the free space wavelength.
The reflected wave is given by:

E; - REocihudnﬂe-jhoz eou’ (36)

where R is the reflection coefficient of the multilayer. The transmitted plane wave
on the right-hand side of the multilayer is represented by:

E: - TEoeikoylinoejboseooO’ (37)
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Figure 53: A plane multilayer, illustrating the outgoing and the reflected waves in
each layer. .
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where T is the transmission coefficient of the multilayer. The field in each layer can
be regarded as an infinite series of the plane waves bouncing back and forth, but it
is more convenient (and equally valid) to consider it to be the sum of only two plane
waves, one travelling outward and one reflected. In layer n, for example, the field is
represented by:

Ea = (Ane™ + Bae™™*) eitoveind, (38)

Similarly, in layer n+1 the electric field intensity is given by:
Eni1 = (Ans16™9* 4 Bpyge i) eitovtind, (39)
The boundary between layers n and n + 1 is Jocated at:
Zmn=di+dy+ds+---+dn (40)

By enforcing the boundary conditions on E; and H, at z = z,, it can show that:

Aﬁ"’l - P, n Qn An ( 41)
Bn+l . Rn Sn Bn ’
where
P, = l 1+ Hnt1Un el =Tn41)n - (42)
2 FnYn+1 ’
1 l‘ﬂ+17n) -
==~{1-—"="=2 Tt Tnt1)in 43
@n 9 ( PR e ’ ( )
R, = _1. (1 - ..“.'ﬁ’.‘.".!) e(1-+‘vn+1)'~’ (44)
2 HnTn+1
and:
S = l 14 Ent1n e~ (m=Tn41)2n (45)
2 FnTns1

The propagation constant -, for layer n will be complex if the medium is dissi-
pative. Both the real and the imaginary parts of v, will be positive. If layer n is
& lossless medium, 7, will be purely imaginary. The wave equation is employed to

obtain:

Tn =j ‘Uz“nen - k%lin’ . (46)
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The reflection and transmission coefficient of the multilayer can be calculated in
a systematic manner by setting:

Ap=1 (47)
and:

By=0 (48)
and then by using the recursion equations Equation (41) to calculate A,, B, A4,,
By, ... AN41, and By, in that order.

From Egs. (35) through (38),

E = AN+1$ (49)
By 41
R= ) 50
ANy (50)
and:
R= -2 (51)
T Ay

In the TE case the constants A, and B, represent the electric field intensities of the
outgoing and reflected wave in each layer. In the TM case (parallel polarisation)
the solution proceeds in the same manner. The equations given above apply in both
cases but the A, and B, represent the magnetic field intensities in the TM case and
Pni1 a0d p, must be replaced with €,4; and ¢, in Eqs. (42) through (45).

If a perfectly conducting sheet is placed on the right-hand surface of the multi-
layer (i.e., on the x-y plane), the solution is again given by the equations above with
the exception that the transmission coefficient T is not calculated in this case, and
Eqs. (47) and (48) are replaced with:

A, =1and By = —1in the TE case (52)

and: ' v

A, =1and B, =1in the TM case. (53)
Equations (52) and (53) are obtained by forcing the tangential electric field intensity
to vanish at the perfectly conducting plane.
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In the above equations, the reflection coefficient R is defined as the ratio of the
reflected wave amplitude to the incident wave amplitude at the coordinate origin;

that is,
_ E£(0,0,0)

R= m, for the TE case, (54)
and:
R=Z=(00.0) o e TM case. (55)

~ B (0,0,0)’
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Appendix B

 Scattering of Plane Waves by
Stratified (multilayered)
Cylinders

Details of the scattering of plane waves by multilayered dielectric cylinders of infinite
length with normal incidence are presented in [10]. Here, a summary of [10] is
presented. Consider a plane wave to have normal incident on a multilayered dielectric
cylinder consisting of M lossless homogeneous layers as shown in Figure 54. The
cylinder axis is taken to be the g axis in the rectangular coordinate system, and the
x axis is the. axis of propagation of the incident plane wave. The permeability and
pexmittivity of layer m are denoted by u,, and ¢, and the phase constant is given
by:

ko = Wy/fhm€m (56)
In the TM case, the electric field has only 2 s component given in layer m by:

En= glA--J-(k-p) + BoanNa(kmp)] cos n (57)

where (p, ¢, 2) are the cylindrical coordinates and J, and N,, represent the Bessel
- snd Neumann functions. The time dependence, e**, is implied. In the TE case the
solution is obtained from the equations given here by interchanging  and ¢ and E
" and H, where H represents the magnetic field intensity.
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Figure 54: A Multilayered Dielectric Cylinder of Infinite Length.




The coefficients A,,, and B,, must be determined by applying the boundary
conditions of E, and Hy at each interface. From Maxwell equations, the ¢ component
of the magnetic field intensity in layer m is given by:

Ha = ———-Z[A.....J,’,(k,.p)+8.....N,’,(k,..p)] cos ng (58)
JWpm o=
where J! and N, denote the derivatives of the Bessel and Neumann functions with

respect to the arguments.

Let R,, denote the outer radius of layer m. From the boundary conditions at
the interface between the layers m and m+1, it is found that the wave expansion
coefficients for the two regions have the following linear relations:

Au+l.n = UumAmn + Wnanm (59)

and:
Bm+l,n = VnmAmu + anan (60)

whete;

- = ["Mtknf (ke Ren)No(Rkrmi1 Ren) + ponEemst1 In(Bem Ren ) N (o1 B )]
(61)
[F-nk.. (b Rew ) In(km 41 o) — u.,.k..+1J,.(k..R,.)J,',(k..+1R,.)] (62)

Weas = —["I‘M—lan n(Rn Bew )N (k1 Ben) + i 41 No(Fm R ) Ny, (K 41 Ren))
(63)
and:

Xon = 5= sV B M (b1 Ren) = b1 N o)1 o)
(64)
If the coefficients in the first layer (4,, and B,,) were known, the coefficients in
the remaining layers could be calculated by using Equations(59) and (60), recursively.
To permit a procedure of this type, define a set of normalized coefficients A/, and

105




B, by the proportionality constant K, as follows:

Amn = KoA,,, (65)
and:
Bmn = KoB,,,,. (66)
With no loss of generality, Let:
in=1 (67)

If the center layer is a dielectric medium, the field must be finite at the origin and:
B, =0. (68)

The normalized coefficients also obey the same recursion formulas and we can now
calculate Aa", ;n’ eee A’hln’ B’Mn’ A’Al-i-l.n’ and B’M-H.n in that order.
The field in the exterior free-space region is given by:

Eran =gl(-j)"e..mop)+c..H£”(hop)eo-n¢ (69)

where H(*)(kop) represents the Hankel function and k; is the phase constant of free
space. The first series in Equation(69) represents the incident plane-wave field, and
the second series is the scattered field which contains outward-traveling waves only.
The function e, is unity if n=0, and e,=2 if n is greater than zero.

The scattering coefficients for the exterior region are given by:

: =(=7)"enBrs1.n
Cn=iBus1a = Mirn T jA:n.:-l.n
This completes the solution. Equation(57) can be used to calculate the field at any
point in the dielectric cylinder, and Equations(69) and (70) are used to calculate the
field at any point outside the cylinder.

In the case of a perfectly conducting cylinder with one or more dielectric layers,

let @ be the radius of the conducting cylinder and R, the outer radius of the first

(70)
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dielectric layer. The above equations again give the solution if Equation(66) is

replaced with:
Jn(kl a)

Bln = —N..(kla) (71)
for the TM case and:
Jn(k1a)
[ \ Sl A
Bln - N,',(kla) (72)
for the TE case. Equations(71) and (72) are obtained by setting E,=0 or E4=0 at

the conducting surface.

When a plane wave is incident on a scattered cylindrical structure of infinite
length, the distant scattering pattern is described by the echo width which is defined
as:

2
(73)

. E*

op = Ph_l,lolo 2xp I‘E.‘

The incident electric field E is taken to have unit magnitude. The scattered
electric field for large distances from the cylinder,

E'=, / wi‘:pe""” ni::o enDy cos nd (74)

where:

']
D= = Miln 75
" ;ll+l,n +JA'M+l,n ( )

Substituting Equations(74) and (75) into Equation(73) the bistatic echo width
of the multilayered dielectric cylinder is given by:
2

o2p = 2’% Ii é,.D,.cocm# (76)
n=0
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Appendix C

Scattering from Multijoined
Cylinders

This appendix summariges the solution for the muitijoined cylinder geometry solved
by N. Akhter [25]. The geometry for the multijoined cylinders is shown in Figure 55.
The Uniform Theory of Diffraction is used to calculate the far-zone scattered field
from this geometry. The solution in based on the modification of a 2-D dihedral
solution using UTD by N. Akhter [25]. The solution is modified for dielectric material
using the dielectric wedge diffraction coefficient

in Equation (6).

The interactions needed to calculate the backscattered field in the UTD solution
are shown in Figure 56. The diffracted field for each interaction term is calculated
similar to the interactions for the trunk-ground interaction geometry in Chapter 6.
For the single diffraction D terms, the calculation is the same as in Chapter 6 except
now there are 2 cylinders. The spread factors for the D terms shown in Equation (2)
are calculated similarly to the D terms in Chapter 6 using Equation (5).

The diffracted field for the RD and DR terms is calculated similar to the RD and
DR terms in Chapter 6. The difference is that the multijoined cylinder geometry
consists of 2 cylinders versus 1 cylinder for the trunk-ground interaction geometry.
This difference allows rays to reflect and diffract from both cylinders. Therefore,
terms including reflections from cylinder #2 and diffractions from cylinder #1 need
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Figure 55: Geometry of multijoined cylinder.
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Figure 56: Diffraction interactions Used in calculating the scattering from maulti-
joined cylinders.
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to be calculated in addition to the terms including reflections from cylinder #1 and
diffractions from cylinder #2. The diffraction coefficients for the RD and DR fields
are similar to the diffraction coefficients in Chapter 6. However, since both surfaces
are now curved, the spreading factor will be different than the spreading factor used
in Chapter 6.

The spread factors for the RD and DR terms shown in Equation (2) are calculated
using Equation (5). For the RD and DR terms, the spread factors will be the same
since the rays travel along the same ray path. The spread factor for the ray diffracted
from cylinder #1 and reflected from the side of cylinder #2, the spreading factor is:

Dy R pla }
P = [¢+(a+p‘)2sin(a—0) ' (77)
where:
o= - (78)

gin 8 + sin(2x — 4)° -
In the above equations, a is the cylinder radius and a is the dihedral angle between
the cylinders. The spread factor for the ray diffracted from cylinder #2 and reflected
from the side of cylinder #1, the spreading factor is:

o poa T
PR = [a+(a+p‘)2sin0] »(79)
where:
= (80)

sin(a + 6) + sin(a — §)’

The final interaction of interest is the Diffracted-Reflected-Diffracted (DRD) term
which is calculated similar to the previous interaction terms. The spread factor for
the ray diffracted from cylinder #2, reflected from cylinder #1, and then diffracted
from cylinder #2 again is given by:

3 PP b
pi = [a(p‘+a)(p; +a)(;s+a)”'"] 81
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where:
d _ a
= osat | sin(a — 9)] (82)
P = 8 (83)
1 1 2
= = = 84
PRy - (84)
d 1 . cosa + |sin(a — )|
= . 85
O D) a (&)
(86)

The spread factor for the ray diffracted from cylinder #1, reflected from cylinder
#2, and then diffracted from cylinder #1 again is given by:

Pd r_r %
1RaDy [ 1 P1P2 pg] (87)

s(pf + 8) (pf + 3)(p + 8)
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